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Abstract 

Background: Long-term breast-cancer survivors have a highly elevated risk (1 in 6 at 20 years) of contralateral 
second breast cancer. This high risk is associated with the presence of multiple pre-malignant cell clones in the 
contralateral breast at the time of primary breast cancer diagnosis. Mechanistic analyses suggest that a moderate 
dose of X-rays to the contralateral breast can kill these pre-malignant clones such that, at an appropriate Prophylactic 
Mammary Irradiation (PMI) dose, the long-term contralateral breast cancer risk in breast cancer survivors would be 
considerably decreased. 

Aims: To test the predicted relationship between PMI dose and cancer risk in mammary glands that have a high risk 
of developing malignancies. 

Methods: We tested the PMI concept using MMTV-PyVT mammary-tumor-prone mice. Mammary glands on one 
side of each mouse were irradiated with X-rays, while those on the other side were shielded from radiation. The 
unshielded mammary glands received doses of 0, 4, 8, 12 and 16Gy in 4-Gy fractions. 

Results: In high-risk mammary glands exposed to radiation doses designed for PMI (12 and 16 Gy), tumor incidence 
rates were respectively decreased by a factor of 2.2 (95% CI, 1 .1-5.0) at 12 Gy, and a factor of 3.1 (95% CI, 1 .3-8.3) 
at 16 Gy, compared to those in the shielded glands that were exposed to very low radiation doses. The same pattern 
was seen for PMI-exposed mammary glands relative to zero-dose controls. 

Conclusions: The pattern of cancer risk reduction by PMI was consistent with mechanistic predictions. Contralateral 
breast PMI may thus have promise as a spatially targeted breast-conserving option for reducing the current high risk 
of contralateral second breast cancers. For estrogen-receptor positive primary tumors, PMI might optimally be used 
concomitantly with systemically delivered chemopreventive drugs such as tamoxifen or aromatase inhibitors, while 
for estrogen-receptor negative tumors, PMI might be used alone. 
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Introduction 

Breast cancer is one of the most common types of cancer in 
the US, and as many as one in eight women may develop 
breast cancer during their lifetime [1]. Long term survival after 
breast cancer diagnosis has increased markedly in the last 
decade, with the mean 15-year relative survival in the US now 
77% [1]. It is therefore highly appropriate that increasing 
attention is being paid to the issue of breast cancer 
survivorship and to the issue of second breast cancers [2]. In 
particular, long term studies suggest that a 20-year breast 
cancer survivor has about a 1 in 6 risk of developing a 



contralateral second breast cancer [3,4], which is several-fold 
higher than primary breast cancer incidence among age- 
matched healthy women [5,6]. As a result of these long-term 
risks, between 10% and 20% of all breast cancer patients in 
the US currently undergo prophylactic contralateral 
mastectomy [7-9]. 

For estrogen-receptor positive tumors, adjuvant tamoxifen 
reduces contralateral breast cancer risks by as much as 40% 
[10] - which for long-term survivors represents a risk reduction 
from about 16% to 10%, still a disturbingly high risk. Tamoxifen 
is not considered effective for the -30% of breast cancers 
which are estrogen-receptor negative [6,11,12]. A further 
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incremental improvement for postmenopausal women is likely 
obtainable with aromatase inhibitor drugs [13], though again 
largely for estrogen-receptor positive primary cancers [12]. 
Both classes of chemopreventive drugs have significant side 
effects: gynecological and thromboembolic in the case of 
tamoxifen, and reduced bone mineral density in the case of 
aromatase inhibitors. In summary, there is a need for 
alternative approaches to further reduce the long term risks of 
contralateral breast cancer in breast cancer survivors. 

The general concept behind chemopreventive approaches is 
that carcinogenesis is a multi-stage process involving the 
gradual accumulation of pre-malignant clones, with 
chemopreventive drugs intervening at one or more stages in 
this process [14]. We have previously proposed [15], and here 
we provide some experimental validation for, an alternative (or 
concomitant) approach for reducing contralateral breast cancer 
risks - though with the same overall rationale, to intervene in 
the multi-stage processes leading here to contralateral breast 
cancer. Specifically, an intermediate dose of ionizing radiation, 
which is an effective and spatially targeted cytotoxic agent, has 
the potential to kill essentially all the pre-existing pre-malignant 
cells in the contralateral breast of a breast cancer patient, and 
thus significantly reduce the incidence of contralateral breast 
cancers. In such an approach it is not necessary to identify 
these pre-existing pre-malignant cells, in that radiation-induced 
cell killing is largely a statistical process: Assuming that these 
pre-existing pre-malignant cells are far fewer in number than 
the healthy human cells, which will always be the case, the 
suggestion is that they can be essentially all killed with a 
moderate dose of radiation that produces minimal normal- 
tissue complications [15]. 

Of course ionizing radiation is also carcinogenic, and can 
induce new breast tumors [16, 17]. The net effect, therefore, of 
irradiating a breast containing significant numbers of pre- 
existing pre-malignant clones (such as the contralateral breast 
of a breast-cancer patient) will be dominated by the balance of 
two opposing processes: 1) killing of pre-existing pre-malignant 
cell clones, leading to reduced background breast cancer risk, 
versus 2) net induction of new pre-malignant cell clones, 
leading to radiation carcinogenesis. One of the main rationales 
behind the current work is that the risk of radiation-induced 
breast-cancer decreases sharply with age at irradiation [16-18], 
becoming very low for women aged >50, who constitute the 
majority of breast cancer patients [17,18]. This observation is 
consistent with findings that breast cancer radiotherapy does 
not appear to increase the net risk of new (genetically 
independent of the primary tumor) breast cancers in the 
irradiated ipsilateral (affected) breast [17,19], and may even 
decrease it [20,21]. 

In fact, a mechanistically-based analysis [15] of the time- 
dependence of new (non-recurrent) breast cancers in the 
ipsilateral breast suggests that, even at the comparatively high 
radiotherapeutic doses generally used for breast-cancer 
radiotherapy (50 Gy in 2 Gy fractions to the entire affected 
breast), net induction of pre-malignant cells is essentially 
neutral: most pre-existing pre-malignant cells are killed, and a 
similar number of new ones are induced. 



The ipsilateral breast requires a high radiation dose in order 
to eradicate large numbers of remaining primary tumor cells. 
However the reasoning here suggests [15] that a much lower 
radiation dose would still be sufficient to kill the smaller number 
pre-existing pre-malignant cells, which are independent of the 
primary tumor - and of course a much lower radiation dose 
would be associated with much lower risks for inducing new 
cancers or normal-tissue complications. Thus, irradiating the 
contralateral breast of breast cancer patients with such a 
moderate radiation dose might be an effective option for safely 
reducing contralateral breast cancer risks in breast cancer 
survivors [15]. We have termed this novel application of 
reduced-dose radiotherapy for contralateral breast cancer 
prevention "Prophylactic Mammary Irradiation" (PMI) [15]. 

Although the number of pre-malignant target cells in the 
contralateral breast is not well defined, because the 
dependence of the required radiation dose on this number is 
logarithmic rather than linear [22], any realistic number of pre- 
malignant cells (e.g. up to several thousand) could be killed by 
a dose of around 20-25 Gy in 10 fractions [3]. If the PMI dose is 
chosen appropriately, the benefit in terms of cancer risk 
reduction for breast cancer survivors would be expected to 
significantly outweigh the small risks of radiation-induced 
cancer or other radiation-induced normal-tissue complications 
[15]. 

Figure 1 shows a schematic of the expected overall cancer 
risk as a function of PMI dose, for a breast at high initial risk of 
a future cancer, i.e. containing a significant number of pre- 
existing pre-malignant cells. At low doses, only a few pre- 
existing pre-malignant cells will be killed and the mutagenic 
effects of the radiation may cause a net increase in cancer risk. 
As the dose increases, killing the pre-existing pre-malignant 
cells will dominate, and the overall cancer risk is expected to 
decrease. Finally, when all the pre-existing pre-malignant cells 
have been killed, still further radiation doses would be expected 
to increase the risks of cancer and/or normal tissue 
complications. 

Thus, PMI of the whole contralateral breast, performed at the 
same time as standard post-lumpectomy radiotherapy to the 
ipsilateral breast, and with an optimally chosen intermediate 
radiation dose, might be a potentially breast-conserving option 
to significantly decrease the high second cancer risks in the 
contralateral breast of long-term breast cancer survivors [15]. 
Because radiation-induced cell killing is likely to be 
independent of estrogen receptor status, this approach would 
be expected to be equally effective for estrogen receptor 
positive or negative tumors. It is emphasized that this concept 
would only be useful for an organ at high risk (i.e. containing 
large numbers of pre-malignant cells), and for an organ where 
the radiation-induced cancer risk is low. The contralateral 
breast of a breast-cancer survivor over the age of about 50 
meets these criteria. 

Here we have tested the PMI hypothesis in an animal model 
for high-risk breast cancer - the FVB/N-Tg(MMTV- 
PyVT)634Mul/J (abbreviated as MMTV-PyVT) female 
transgenic mouse [23]. Our goal is to investigate whether the 
predicted pattern of cancer risk with increasing PMI dose, as 
illustrated in Figure 1, holds for a high-risk mammary gland. 



PLOS ONE | www.plosone.org 



2 



December 2013 | Volume 8 | Issue 12 | e85795 



Prophylactic Contralateral Breast Irradiation 



t 



0) 
u 
c 

CD 

u 
+J 

CO 
fU 
OJ 

<5 



Optimal PMI 
Dose Region 



\ 



\ 



Breast cancer risk after 
radiation 



\ 



\ / Induction of new pre-malignant clones 



\ 



\ 



Killing of pre-existing pre-malignant clones 

\ 



Breast radiation dose 



Figure 1. Schematic of radiation dose-effects on breast-cancer risk in the contralateral breast of breast cancer 
patients. The overall cancer risk is determined by a balance between killing of pre-existing pre-malignant cell clones vs. induction 
of new pre-malignant cell clones by radiation. The hypothesis underlying the present work is that there is a dose "window" at 
intermediate doses where killing of pre-existing pre-malignant clones dominates, thus reducing overall cancer risks. 

doi: 10.1371/journal.pone.0085795.g001 



MMTV-PyVT mice develop multiple mammary tumors at an 
early age (typically <100 days) due to the polyoma virus T- 
antigen (PyVT) driven by the mouse mammary tumor virus 
(MMTV) promoter. We investigated the effects of various doses 
of mammary irradiation (up to 16 Gy delivered in 4 Gy 
fractions) on tumor development in these mice, and show that 
the expected breast cancer risk pattern with increased dose 
(Figure 1) was indeed apparent: specifically, a small increase 
in cancer risk at low radiation doses, followed by a decrease in 
cancer risk at PMI-relevant doses, with the mammary tumor 
incidence rate reduced by a factor of about three. 

Materials and Methods 

This study was approved by Columbia University IACUC, 
under Animal Care Protocol AC-AAAD3951, and all mouse 
work was performed in accordance with IACUC guidelines. 
Mammary tumor incidence rates were measured as a function 
of radiation dose in: 1) irradiated mammary glands, 2) shielded 
mammary glands exposed only to low doses of scattered 
radiation, and 3) unexposed control animals. 



Transgenic Mice 

To conduct proof of principle experiments regarding the PMI 
hypothesis, we selected the FVB/N-Tg(MMTV-PyVT)634Mul/J 
female mouse (MMTV-PyVT) [23], from the Jackson 
Laboratory. In this mouse strain, an oncogene derived from the 
polyoma virus is expressed under hormonal regulation in 
mammary gland tissues, driven by the mammary tumor virus 
(MMTV) promoter [23]. Female transgenic mice of this strain 
begin to develop palpable mammary tumors in early adulthood 
(the median age of tumor onset is 66 days), and all the mice 
will eventually develop tumors [24]. Therefore, the progression 
from pre-malignant to malignant breast disease, which occurs 
in breast cancer patients, is mimicked by this mouse model, but 
in a more aggressive and rapid manner. This allows proof of 
principle testing of PMI to be conducted in vivo, minimizing 
mouse numbers and follow-up time. 

Mouse Irradiation Geometry 

The near hemi-body irradiation geometry used here is 
illustrated in Figure 2. One side of each mouse, as well as the 
head, was shielded with 12.7 mm of lead. This geometry allows 
most of the body to be protected, exposing only one side of the 
thorax and abdomen and five mammary glands. The left side 
was unshielded in half of the mice, and the right side in the 
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Figure 2. Shielding geometry for mouse mammary 
irradiations. Schematic ventral view of a partially lead- 
shielded mouse, with mammary glands outlined by dotted lines. 
Unshielded mammary glands on one side of the mouse 
received the full radiation dose, while the mammary glands on 
the lead-shielded side received a much lower dose - about 6% 
of the unshielded dose. 

doi: 10.1371/journal.pone.0085795.g002 

other half. This partial-body irradiation geometry has been 
described in more detail elsewhere [25]; the main 
radiosensitive organs, such as the bone marrow, lungs, 
intestinal tract, and ovaries, are protected on at least one side 
of the body, which allows the irradiated animals to remain in 
good health for long enough after irradiation to develop 
mammary tumors. In particular, allowing one ovary to be 
shielded from high-dose radiation exposure was designed to 
minimize indirect effects of radiation on mammary 
carcinogenesis through effects on ovarian hormone production. 

Choice of Radiation Doses 

One hundred female MMTV-PyVT mice, divided into 5 
groups of 20 mice each, were used. The mice were between 
41 and 43 days old at the start of irradiation. Each group 
respectively received total x-ray doses to the unshielded 
mammary glands of 0, 4, 8, 12 and 16 Gy, delivered in 4-Gy 
fractions. The maximum number of fractions per day was two, 
6 hours apart. In summary, the unexposed control mice 
received a single sham-irradiation, the 4 Gy exposed mice 
received a single irradiation with 4 Gy, and the 8 Gy exposed 
mice received two 4 Gy irradiations 6 hours apart on the same 
day. The 12 Gy exposed mice received two 4 Gy irradiations 6 
hours apart on the first day, and a third 4 Gy irradiation on the 
second day. The 16 Gy exposed mice received two 4 Gy 
irradiations 6 hours apart on the first day, and two more 4 Gy 
irradiations 6 hours apart on the second day. 

The two highest doses (12 and 16 Gy in 4-Gy fractions) were 
designed to be in the range that would sterilize most or all of 
the pre-existing pre-malignant and/or early malignant cells in 



each mouse mammary gland (roughly estimated to number 
several thousand in female mice [26,27]), which are the likely 
progenitors of the mammary tumors. These two highest doses 
(12 and 16 Gy in 4-Gy fractions), thus designed to be the 
putative PMI doses, are also approximately equivalent in terms 
of cell killing to the originally proposed [14] clinical PMI doses 
of 17 to 20 Gy in 10 fractions. 

Mouse Dosimetry 

The x-ray irradiations were carried out using an XRAD-320 
irradiator (Precision X ray, North Branford, CT) operated at 320 
kVp and 12.5 mA, with a filter composed of 1.5 mm Al, 0.25 
mm Cu and 0.75 mm Sn. The dose rate was 0.86 Gy/min. 
Immediately prior to irradiation, the mice were anesthetized 
with a 0.2 ml intraperitoneal injection of a solution of 10 mg/ml 
ketamine and 1 mg/ml xylazine. Control mice, receiving 0 Gy, 
were anesthetized and sham-irradiated. 

Doses were measured using microMOSFET [28] solid-state 
dosimeters (Best Medical, Ottawa, Ontario, Canada) inserted 
into a tissue-equivalent mouse phantom. Due to x-ray scatter, 
the shielded contralateral mammary glands received an 
average dose of approximately 6% of the corresponding doses 
to the unshielded mammary glands. This ratio of doses in the 
shielded vs. unshielded mammary glands is similar to the ratio 
of doses in the contralateral vs. the irradiated breast in human 
breast radiotherapy [29]. 

Mouse Carcinogenesis Assay 

The mice were maintained with 50 mg/kg amoxicillin in the 
drinking water, and their health and body weights were 
monitored regularly. After irradiation, the mouse mammary 
glands were palpated at 2-3 day intervals. Appearance times 
and the sizes of mammary tumors were recorded. Mice were 
sacrificed according to Columbia University animal care 
guidelines when they met either of the following criteria: tumor 
diameter >20 mm, tumor size exceeding 10% of body weight, 
tumor ulceration, debilitating diarrhea, progressive dermatitis, 
rough hair coat, hunched posture, lethargy or persistent 
recumbence, coughing, labored breathing, neurologic signs 
(e.g. circling, head pressing, seizuring), bleeding from any 
orifice, self-induced trauma, and any condition interfering with 
eating or drinking (e.g., difficulty with ambulation). All mice 
eventually developed mammary tumors, and most had multiple 
tumors. The first tumor to present was invariably the one which 
caused the mouse to be sacrificed when it grew to a large size, 
and tumors which appeared later were still small at the time of 
sacrifice. Consequently, the incidence rate of the first detected 
tumor was selected as the most relevant endpoint in this study, 
and these data are presented here. 

Statistical Analysis 

The goal of this study was to assess how radiation dose 
affected the cumulative incidence rate (per mouse-day at risk) 
of the first detected palpable mammary tumors. This was done 
by comparing the cumulative tumor incidence rates in each 
radiation dosage group, on each mouse side (unshielded or 
shielded), with the rate in the unirradiated control group, using 
Poisson regression, as implemented by the WinPepi software 
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package [30]. The data were consistent with Poisson 
assumptions, as suggested by the strong correlation (0.98) 
between standardized residuals and normal scores, and by the 
p-value (0.14) for the score test for the total model. 

Cumulative tumor incidence rates on different mouse sides 
were also compared within each radiation dosage group, using 
the 2-tailed mid-P approach [30] with Bonferroni correction for 
multiple pairwise comparisons. The 95% confidence intervals 
presented here for the incidence rate ratios were produced by 
the mid-P approach, and were similar to those generated by 
the Poisson regression approach mentioned above, and also 
by Fisher's exact test. This same mid-P approach was also 
used to estimate 95% confidence intervals for the cumulative 
tumor incidence rate for each mouse side in each radiation 
dosage group. 

The potential presence of a monotonic trend in tumor 
incidence rate as function of radiation dose was evaluated by 
the Poisson trend statistic (Eq. 3.12 in Ref. [31]). Temporal 
trends in the accumulation of mammary tumors in each 
radiation dosage group, and on each mouse side, were 
analyzed by the logrank test. 

All the data pertaining to the mice used in this study, 
including body weights, dates of irradiation, tumor detection 
and sacrifice, are available upon request. 

Results 

Each irradiated mouse received a fractionated radiation dose 
(varying from 4 to 16 Gy in different mice) to the unshielded 
mammary glands, and a very much lower dose (<1 Gy) to the 
shielded glands (0.2-0.9 Gy) caused by x-ray scatter. As seen 
in earlier studies of radiation-induced mammary cancer [32], 
the temporal kinetics of mammary tumor appearance showed 
no significant dose dependence: among the different dose 
groups (including the zero-dose and the scatter-dose groups) 
the median times of first detectable tumor appearance ranged 
only from 34.0 to 37.5 days post irradiation (or sham 
irradiation). 

By contrast, the cumulative tumor-incidence rates (per 
mouse-day at risk) showed a clear dose response. Both 
relative to the zero dose controls, and relative to the 
corresponding mammary glands that received only scattered 
doses, tumor incidence rates initially increased with increasing 
dose to the irradiated mammary gland, but then decreased at 
higher doses to below the background levels. These results are 
summarized in Tables 1 and 2 and Figure 3. 

We focus here on comparisons between tumor incidence 
rates in the PMI-irradiated mammary glands and in the 
corresponding shielded mammary glands; as described above, 
this is designed to model a comparison of cancer rates in a 
human contralateral breast exposed to PMI vs. cancer rates in 
the same breast receiving a typical scatter dose after standard 
radiotherapy to the ipsilateral breast. At the doses which were 
designed to be relevant for PMI (12 Gy and 16 Gy, see above) 
the tumor incidence rates in the unshielded PMI-exposed 
glands were significantly lower than those in the shielded 
glands: the rate ratios between the PMI-exposed glands and 
the shielded glands were 0.45 (95% CI: 0.20-0.98, 2-tailed p 



Table 1. Mammary tumor incidence rates as a function of 
radiation dose, for zero dose controls, lead-shielded glands, 
and unshielded irradiated glands. 









# of dose 


Tumor incidence rate (per 


Category 


Dose (Gy) 


fractions 


1,000 mouse-days) 








Rate 


95% CI* 


Zero dose 
controls 


0 


1 


14.2 


9.4, 20.6 


Shielded glands 


0.23 


1 


14.2 


7.7, 24.0 




0.46 


2 


12.0 


6.3, 20.9 




0.69 


3 


22.4 


14.1, 33.9 




0.92 


4 


22.1 


13.7, 33.9 


Unshielded 
rradiated glands 


4 


1 


16.5 


9.4, 27.0 




8 


2 


15.3 


8.7, 25.1 




12 (PMI 

dose) 


3 


10.2 


4.9, 18.5 




16 (PMI 

dose) 


4 


7.0 


2.8, 14.5 



The last two rows refer to glands irradiated at the doses which were designed to be 
relevant for PMI (12 and 16 Gy). 

* The 95% CIs were estimated using the mid-P approach [30]. 
doi: 10.1371/journal.pone.0085795.t001 



Table 2. Mammary tumor incidence rate ratios. 



Dose to 














unshielded 
irradiated 


Tumor incidence rate ratio vs. 


Tumor incidence rate ratio 


glands (Gy) 


shielded scatter dose 




vs. zero dose controls 




Ratio 


95% CI* 


p-value* 


Ratio 


95% CI* 


p-value** 


4 


1.17 


0.53,2.58 


0.70 


1.16 


0.66, 
1.90 


>0.50 


8 


1.27 


0.57, 2.89 


0.56 


1.09 


0.61, 

1.77 


>0.50 


12 (PMI 

dose) 


0.45 


0.20, 0.97 


0.04 


0.71 


0.35, 
1.30 


>0.50 


16 (PMI 

dose) 


0.32 


0.11, 0.77 


0.009 


0.49 


0.20, 
1.02 


0.44 



Shown are rates in unshielded irradiated mammary glands, compared with lead- 
shielded mammary glands that were exposed only to low scatter doses, and also 
compared with zero-dose controls. The last two rows refer to glands irradiated at 
the doses which were designed to be relevant for PMI (12 and 16 Gy). 



The 95% CIs and 2-tailed p-values were estimated using the mid-P approach 
[30]. 

** Bonferroni correction applied to adjust for multiple comparisons, 
doi: 10.1371/journal.pone.0085795.t002 

value: 0.04) at 12 Gy and 0.32 (95% CI: 0.12-0.77, 2-tailed p 
value: 0.009) at 16 Gy (Table 2). 

These same patterns were apparent for the tumor rates in 
the PMI-exposed glands relative to zero-dose controls (Table 
2). Although here statistical significance was not reached for 
any dosage group alone, the Poisson trend statistic [32] 
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Figure 3. Tumor incidence rate ratios for tumors in unshielded irradiated mammary glands, compared to lead-shielded 
glands. The doses which were designed to be potentially relevant for PMI are 12 and 16 Gy. The comparison here is with lead- 
shielded contralateral mammary glands that were exposed only to low scatter doses - about 6% of the unshielded dose. Error bars 
represent 95% CIs estimated using the mid-P approach [30]. 

doi: 10.1371/joumal.pone.0085795.g003 



suggested a highly significant (p = 0.00012) decreasing trend in 
tumor incidence rate over the dose range from 4 Gy to 16 Gy. 

Discussion 

The measured dose response patterns (Tables 1-2, and 
Figure 3) are consistent with the expectations underlying the 
PMI hypothesis schematized in Figure 1. Specifically, at low 
doses there is an increase in radiation-induced breast cancer, 
presumably because few pre-existing pre-malignant cells are 
killed, and more new ones are induced. However, at the doses 
designed to be in the optimal PMI dose region (12 and 16 Gy), 
the overall breast cancer incidence rate was lower than in the 
controls, as predicted. Specifically, the optimal PMI dose in this 
study (16 Gy in 4 fractions) reduced the high background 
mammary tumor incidence rate by a factor of about three. 

While there are similarities, there are of course differences 
between the high-risk animal breast cancer model used here 
and the contralateral breast in a breast cancer patient. Firstly, 



the mice were irradiated at an earlier time of life (early puberty) 
compared to most women (who develop breast cancer at a 
median age -60): In fact both for rodents [33] and humans 
[16,18], radiation-induced breast cancer risks fall off sharply for 
age at exposure in middle age. Younger mice were used in this 
validation study explicitly to enhance any potential radiation- 
induced carcinogenic effects: that the prophylactic effects at 
PMI doses dominated these carcinogenic effects even in a 
young mammary gland (where these carcinogenic effects are 
maximal) suggests that in older mammary glands the cancer 
risk reduction from PMI may be even more pronounced. 

Secondly, it is unclear whether the relevant cells in the 
mouse model should be considered as pre-malignant or fully 
malignant, or perhaps a combination of these; this should not, 
however, affect the dose-effect patterns seen here, as killing of 
either would be expected to reduce cancer risk - and indeed 
the target cells for contralateral breast cancer in humans are 
also likely to be heterogeneous in their development. 



PLOS ONE | www.plosone.org 



6 



December 2013 | Volume 8 | Issue 12 | e85795 



Prophylactic Contralateral Breast Irradiation 



With these caveats, the results shown here are consistent 
with the predicted pattern of cancer risks in the PMI dose 
range. Specifically, we have provided proof-of-principle 
experimental confirmation that there is likely to be a "window of 
opportunity" in PMI dose (schematized in Figure 1) situated 
between low doses, where radiation-induced cancer is 
expected to dominate, and high doses, where both radiation- 
induced carcinogenesis and/or radiation-induced normal tissue 
damage will dominate: In this PMI intermediate-dose window 
the potential to inactivate essentially all the pre-existing pre- 
malignant cells in the high-risk breast is expected to dominate. 
This conclusion is consistent with recent evidence from a 
randomized control trial comparing intraoperative electron 
radiotherapy with conventional whole-breast external beam 
radiotherapy [34]. The trial showed that whole-breast irradiation 
was more effective at preventing new ipsilateral breast tumors, 
presumably because it kills pre-malignant cells in the entire 
breast, whereas intraoperative electron radiotherapy, which 
generates a cytotoxic dose mainly close to the tumor, 
presumably could not eliminate more distant pre-malignant 
breast cells. 

Contralateral whole breast PMI may thus have promise as a 
spatially-targeted breast-conserving option for reducing the 
current high risk of contralateral second breast cancers in long- 



term breast cancer survivors. The potential efficacy of PMI is 
likely to be independent of estrogen receptor status: thus for 
estrogen-receptor positive primary tumors, PMI might optimally 
be used concomitantly with systemically delivered 
chemopreventive drugs such as tamoxifen or aromatase 
inhibitors, while for estrogen-receptor negative tumors, PMI 
might be used alone. 

Should PMI prove successful, the potential impacts could be 
major. For example, there are currently more than 2.6 million 
breast cancer survivors alive in the US [1]: applying typical 
contralateral breast cancer incidence patterns [3] to this 
population suggests that about 160,000 of these patients will 
develop a contralateral breast cancer. If PMI reduced 
contralateral breast cancer incidence by 3-fold, as was the 
case in the rodent data shown here, approximately 100,000 
breast cancer cases might be prevented. 

Author Contributions 

Conceived and designed the experiments: IS DJB. Performed 
the experiments: IS LBS NJK. Analyzed the data: IS. 
Contributed reagents/materials/analysis tools: LBS NJK. Wrote 
the manuscript: IS DJB. 



References 



1. (2011) Breast Cancer Facts & Figures 2011-2012. Atlanta: American 
Cancer Society, Inc 

2. Taggart FM, Donnelly PK, Dunn JA (2012) Options for early breast 
cancer follow-up in primary and secondary care - a systematic review. 
BMC Cancer 12: 238. doi:10.1186/1471-2407-12-238. PubMed: 
22695275. 

3. Freedman GM, Anderson PR, Hanlon AL, Eisenberg DF, Nicolaou N 
(2005) Pattern of local recurrence after conservative surgery and 
whole-breast irradiation. Int J Radiat Oncol Biol Phys 61: 1328-1336. 
doi:10.1016/j.ijrobp.2004.08.026. PubMed: 15817334. 

4. Gao X, Fisher SG, Emami B (2003) Risk of second primary cancer in 
the contralateral breast in women treated for early-stage breast cancer: 
a population-based study. Int J Radiat Oncol Biol Phys 56: 1038-1045. 
doi:10.1016/S0360-3016(03)00203-7. PubMed: 12829139. 

5. Curtis RE, Freedman DM, Ron E, Ries LA, Hacker DG et al. (2006) 
New Malignancies Among Cancer Survivors: SEER Cancer Registries. 
Bethesda, MD: National Cancer Institute, pp. 1973-2000. 

6. Sandberg ME, Hall P, Hartman M, Johansson AL, Eloranta S et al. 
(2012) Estrogen receptor status in relation to risk of contralateral breast 
cancer-a population-based cohort study. PLOS ONE 7: e46535. doi: 
10.1371/journal.pone.0046535. PubMed: 23056335. 

7. Arrington AK, Jarosek SL, Virnig BA, Habermann EB, Tuttle TM (2009) 
Patient and surgeon characteristics associated with increased use of 
contralateral prophylactic mastectomy in patients with breast cancer. 
Ann Surg Oncol 16: 2697-2704. doi:10.1245/s10434-009-0641-z. 
PubMed: 19653045. 

8. Stucky CC, Gray RJ, Wasif N, Dueck AC, Pockaj BA (2010) Increase in 
contralateral prophylactic mastectomy: echoes of a bygone era? 
Surgical trends for unilateral breast cancer. Ann Surg Oncol 17 Suppl 
3: 330-337. doi:10.1245/s10434-010-1259-x. PubMed: 20853055. 

9. King TA, Sakr R, Patil S, Gurevich I, Stempel M et al. (2011) Clinical 
management factors contribute to the decision for contralateral 
prophylactic mastectomy. J Clin Oncol 29: 2158-2164. doi:10.1200/ 
JCO.201 0.29.4041. PubMed: 21464413. 

10. Davies C, Godwin J, Gray R, Clarke M, Cutter D et al. (2011) 
Relevance of breast cancer hormone receptors and other factors to the 
efficacy of adjuvant tamoxifen: patient-level meta-analysis of 
randomised trials. Lancet 378: 771-784. doi:1 0.1 016/ 
S0140-6736(1 1)60993-8. PubMed: 21802721. 

11. Fisher B, Costantino JP, Wickerham DL, Redmond CK, Kavanah M et 
al. (1998) Tamoxifen for prevention of breast cancer: report of the 
National Surgical Adjuvant Breast and Bowel Project P-1 Study. J Natl 



Cancer Inst 90: 1371-1388. doi:10.1093/jnci/90.18.1371. PubMed: 
9747868. 

12. Uray IP, Brown PH (2011) Chemoprevention of hormone receptor- 
negative breast cancer: new approaches needed. Recent Results 
Cancer Res 188: 147-162. PubMed: 21253797. 

13. Forbes JF, Cuzick J, Buzdar A, Howell A, Tobias JS et al. (2008) Effect 
of anastrozole and tamoxifen as adjuvant treatment for early-stage 
breast cancer: 100-month analysis of the ATAC trial. Lancet Oncol 9: 
45-53. doi:10.1016/S1470-2045(07)70385-6. PubMed: 18083636. 

14. William WN Jr., Heymach JV, Kim ES, Lippman SM (2009) Molecular 
targets for cancer chemoprevention. Nat Rev Drug Discov 8: 213-225. 
doi:10.1038/nrd2663. PubMed: 19247304. 

15. Brenner DJ, Shuryak I, Russo S, Sachs RK (2007) Reducing second 
breast cancers: a potential role for prophylactic mammary irradiation. J 
Clin Oncol 25: 4868-4872. doi:10.1200/JCO.2007.1 1 .0379. PubMed: 
17971581. 

16. Preston DL, Mattsson A, Holmberg E, Shore R, Hildreth NG et al. 
(2002) Radiation effects on breast cancer risk: a pooled analysis of 
eight cohorts. Radiat Res 158: 220-235. Available online at: doi: 
10.1667/0033-7587(2002)158[0220:REOBCR]2.0.CO;2. PubMed: 
12105993. 

17. Boice JD Jr. (2001) Radiation and breast carcinogenesis. Med Pediatr 
Oncol 36: 508-513. doi:10.1002/mpo.1122. PubMed: 11340604. 

18. Boice JD Jr., Harvey EB, Blettner M, Stovall M, Flannery JT (1992) 
Cancer in the contralateral breast after radiotherapy for breast cancer. 
N Engl J Med 326: 781-785. doi:10.1056/NEJM199203193261201. 
PubMed: 1538720. 

19. Yi M, Buchholz TA, Meric-Bernstam F, Bedrosian I, Hwang RF et al. 
(201 1) Classification of ipsilateral breast tumor recurrences after breast 
conservation therapy can predict patient prognosis and facilitate 
treatment planning. Ann Surg 253: 572-579. doi:10.1097/SLA. 
0b013e318208fc2a. PubMed: 21209588. 

20. Gujral DM, Sumo G, Owen JR, Ashton A, Bliss JM et al. (2011) 
Ipsilateral breast tumor relapse: local recurrence versus new primary 
tumor and the effect of whole-breast radiotherapy on the rate of new 
primaries. Int J Radiat Oncol Biol Phys 79: 19-25. doi:1 0. 1 01 6/j.ijrobp. 
2009.10.074. PubMed: 20471183. 

21. Chiang HC, Nair SJ, Yeh IT, Santillan AA, Hu Y et al. (2012) 
Association of radiotherapy with preferential depletion of luminal 
epithelial cells in a BRCA1 mutation carrier. Exp. Hematol Oncol 1: 31. 
doi:10.1186/2162-3619-1-31. 



PLOS ONE | www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e85795 



Prophylactic Contralateral Breast Irradiation 



22. Anastasiadis PG, Liberis VA, Koutlaki NG, Skaphida PG, Avgidou KE 
et al. (2000) Incidence and Detection of Contralateral. Breast Cancer - 
Breast J 6: 178-182. 

23. Guy CT, Cardiff RD, Muller WJ (1 992) Induction of mammary tumors by 
expression of polyomavirus middle T oncogene: a transgenic mouse 
model for metastatic disease. Mol Cell Biol 12: 954-961. PubMed: 
1312220. 

24. Lam JB, Chow KH, Xu A, Lam KS, Liu J et al. (2009) Adiponectin 
haploinsufficiency promotes mammary tumor development in MMTV- 
PyVT mice by modulation of phosphatase and tensin homolog 
activities. PLOS ONE 4: e4968. doi:10.1371/journal. pone. 0004968. 
PubMed: 19319191. 

25. Chai Y, Hei TK (2008) Radiation induced bystander effect in vivo. Acta 
Med Nagasaki 53: 65-69. PubMed: 20634916. 

26. Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK et al. (2006) 
Generation of a functional mammary gland from a single stem cell. 
Nature 439: 84-88. doi:10.1038/nature04372. PubMed: 16397499. 

27. Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D et al. (2010) 
Control of mammary stem cell function by steroid hormone signalling. 
Nature 465: 798-802. doi:10.1038/nature09027. PubMed: 20383121. 

28. Ramaseshan R, Kohli KS, Zhang TJ, Lam T, Norlinger B et al. (2004) 
Performance characteristics of a microMOSFET as an in vivo 



dosimeter in radiation therapy. Phys Med Biol 49: 4031-4048. doi: 
10.1088/0031-9155/49/17/014. PubMed: 15470921. 

29. Bhatnagar AK, Brandner E, Sonnik D, Wu A, Kalnicki S et al. (2006) 
Intensity modulated radiation therapy (IMRT) reduces the dose to the 
contralateral breast when compared to conventional tangential fields for 
primary breast irradiation. Breast Cancer Res Treat 96: 41-46. doi: 
10.1007/S10549-005-9032-8. PubMed: 16244787. 

30. Abramson JH (2004) WINPEPI (PEPI-for-Windows): computer 
programs for epidemiologists. Epidemiol Perspect Innov 1: 6. doi: 
10.1186/1742-5573-1-6. PubMed: 15606913. 

31. Breslow NE, Day NE (1987) Statistical methods in cancer research. 
IARC Workshop 25-27 May 1983. IARC Sci Publ: 1-406 

32. International Agency for Research on Cancer (1980) Statistical 
methods in cancer research. Lyon: International Agency for Research 
on Cancer, v. <1-4 > p 

33. Bartstra RW, Bentvelzen PA, Zoetelief J, Mulder AH, Broerse JJ et al. 
(1998) Induction of mammary tumors in rats by single-dose gamma 
irradiation at different ages. Radiat Res 150: 442-450. doi: 
10.2307/3579664. PubMed: 9768859. 

34. Veronesi U, Orecchia R, Maisonneuve P, Viale G, Rotmensz N et al. 
(2013) Intraoperative radiotherapy versus external radiotherapy for 
early breast cancer (ELIOT): a randomised controlled equivalence trial. 
Lancet Oncol 14: 1269-1277. doi:10.1016/S1470-2045(13)70497-2. 
PubMed: 24225155. 



PLOS ONE | www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e85795 



